Introduction
Alberta, Canada has enormous heavy oil deposits, which represent the majority of Canada's future oil reserves. In heavy oil recovery, cold production is less expensive than steam drive methods and has become more popular due to the development and widespread use of progressive cavity pumps (Lines at al., 2003) . The distribution of "wormholes" formed during cold production is a major concern for reservoir engineers. Through their modeling work, Lines et al. (2003) have concluded that the resolution of individual wormholes is almost impossible using the normal surface seismic frequency range. However, they suggested that it should be possible to detect the presence of wormhole zones. 
Geological setting
The Provost Upper Mannville BB pool is an upper Mannville channel facies reservoir located in T38-R1 W4M, some 400 km east of Calgary, Alberta. The pool is part of a channel facies which trends southeast to northwest in eastern Alberta (Anderson et al., 1989) . These channel deposits all show abrupt basal contacts and fining upwards sequences which grade upwards to non-reservoir strata. This can be seen on well logs from well 10-16 (Figure 2 ). The reservoir strata are known as the McLaren member (Putnam, 1982, Putnam and Oliver, 1980) , which is represented by the trough between the yellow lines on Figure 2 . Typical reservoir parameters are unconsolidated sands with 30% porosity, 1-4 Darcy permeability, viscosity of 2500-20000 cp, and depths of 500-900 m (Mayo, 1996) . The mean recovery factor of the pool is 6.4%, and the gas/oil ratio (GOR) is 10-20 m 3 /m 3 .
The Provost Upper Mannville BB pool has been under cold production since the early 1980's. An earlier seismic monitoring study has shown that seismic anomalies appear around the production wells (Mayo, 1996) . The high porosity associated with a wormhole zone, and foamy oil saturation due to lowered pressure near the well will cause the seismic velocity of the reservoir zone to decrease. In turn, this velocity decrease will cause the seismic response over a wormhole zone to differ from that of the undepleted reservoir (Lines et al., 2003) .
There have been three 3D surveys over the Provost Upper Mannville BB pool since 1987. This study concentrates on two of these surveys, which were acquired in 1987 and 1996 ( Figure 1 ), and were generously provided for this study by Petrovera. Both are conventional P-wave surveys and were not intended for time-lapse analysis; therefore, they were not processed with identical processing flows. Reprocessing for this study included re-binning, crosscorrelation, and shaping filters before time-lapse analysis. We have primarily focused on the seismic detection of wormhole zones, rather than time-lapse analysis methods. 
Time-lapse analysis Cross correlation of the two seismic surveys
The McLaren member (~660 ms) and a reference reflection (~940 ms) were interpreted on both surveys. Horizon slices for the McLaren were generated from the correlated volumes, and the resulting seismic amplitude maps are shown in Figures 3 and 4 . Since the McLaren is represented by a trough, the mapped amplitudes are negative (blue). Prodcution began after the 1987 survey in wells delineated by black squares, but before the 1987 survey for rest of the wells (Figures 3 and 4) . Wells that stopped producing at least one year before the 1996 survey are marked with yellow ellipses (Figure 4) . Table 1 shows the original processing flows for both surveys, with differences highlighted in red. Pre-stack processing for both surveys is almost identical. The 1996 survey was re-binned by interpolation when stacked, and the final bin size is different for the two surveys. The 1987 survey had spectral balancing before stack and f-x deconvolution before migration. For the 1996 survey, the zero-phase deconvolution was similar to spectral balancing, but was done after migration. There was no post-stack f-x deconvolution for the 1996 survey. Finally, the bandpass filter for the 1996 survey permits higher frequencies than in the 1987 survey. Therefore, we expect not only a time and phase difference between the two surveys, but also a difference in frequency content.
The largest amplitudes (dark blue) on the McLaren horizon correlate well with producing wells (black squares; Figures  3 and 4) . Shut-in wells appear to be in areas of smaller amplitudes (black squares and yellow circles; Figure 4 ). This seems to imply there is some relationship between the dim amplitudes and the shut-in wells. If the shutting of the wells was related to the water flooding, these dim amplitudes may be explained. Water saturation can reduce the acoustic impedance contrast between the reservoir and the overlying shale, thereby causing smaller amplitudes. Wells that were producing during both surveys are almost all in high amplitude zones, except for wells 16-17 and 14-16. Since the original seismic processing may not have been "true amplitude" processing, relative amplitudes may not be consistent within each survey, and this should be taken into consideration.
To compensate for these differences, the 1987 survey was re-binned to 20 x 20 m and an 8/12-100/120 Hz bandpass filter was applied to the 1996 survey. Next, using the 1987 survey as a reference survey, time and phase corrections were applied to the 1996 survey. Finally, a shaping filter was applied to the 1996 survey to try and match the wavelets for the two surveys.
From the above analysis, we are confident that the high amplitude zones correspond to areas of acoustic impedance change due to production, possibly due to formation of wormholes. However, any increase of porosity due to wormholes cannot be estimated from the amplitude analysis. This is due to the fact that a small amount of gas saturation can cause almost the same acoustic impedance change as a large amount of gas saturation. The amplitude analysis may give us an indication of the extent of wormhole development. A velocity decrease due to production causes traveltime delays. Isochron values were derived for the McLaren to reference reflection interval for both surveys. The 1987 isochron was then subtracted from the 1996 isochron ( Figure 5 ). Wells circled in black have a cumulative production of over 15,000 m 3 . Since we have not yet derived a relationship between oil production and sand production, we assume that higher oil production may correspond to higher sand production. Therefore, high production wells would correspond to larger diameter or longer wormholes, higher foamy oil saturation, and greater acoustic impedance. Figure 5 shows a possible correlation between high production and traveltime delays of up to 7 ms, which is larger than the sample interval. The blue polygon is the estimated wormhole zone. High values on the left edge are considered to be caused by a boundary statics problem ( Figure 5 ). 
Conclusions
Proper crosscorrelation of legacy 3D seismic surveys can reveal that seismic characteristics change with time over heavy oil fields that are under cold production. High production appears to correlate with two seismic phenomena around producing wells: large seismic amplitudes at the reservoir level and time delays in reflections at or below the reservoir level. Both of these phenomena may relate to wormhole formation induced by producing sand. Future studies should consider what volume of sand is produced at each well, as this relates to the probable size and extent of wormhole formation, and will help to validate seismic interpretations.
